The solvent-extraction behavior of Li + and Na + with a Li + selective metallacrown, [{Ru(η 6 -3,5-dimethylanisole) (2,3-pyridinediolate)}3], was investigated in the presence of organic dye anions, 3′,3″,5′,5″-tetrabromophenolphthalein ethyl ester ([TBPE] -), 2,6-dichloroindophenolate, and picrate ([pic] -). Each alkali metal ion was extracted as a 1:1:1 ternary complex of the metal ion, metallacrown, and anion. The Li + /Na + extraction selectivity is anion dependent and highest with [pic] -. Therefore, we devised an extraction-spectrophotometric determination method for Li + in saline water based on the extraction of Li + using the metallacrown and [pic] -for high selectivity and subsequent replacement of [pic] -in the extracted species with [TBPE] -for high sensitivity. When applying this to artificial seawater samples containing known concentrations of Li + , a linear relationship was observed between the absorbance at 571 nm of the organic phase and the Li + concentration in the samples. By this method, the determination of Li + at the sub-ppm level in natural seawater is possible.
Introduction
In recent years, lithium has attracted much attention as an important material for secondary batteries, and demand has increased rapidly. The current major source of lithium is natural brine or saline water, such as that found in salt lakes in South America or China. Seawater also contains lithium as Li + , which is expected to be a future lithium extraction source. [1] [2] [3] Relatedly, it becomes important to correctly analyze the concentration of Li + in saline water. However, any analysis is generally difficult because the concentration of Li + is much lower than that of coexisting ions, such as Na + . One of the most difficult samples to analyze is seawater where the molar concentration of Na + (about 0.5 mol dm -3 ) is several ten thousand-fold higher than that of Li + . Although the determination of Li + is often performed by atomic spectrometric techniques (flame photometry, atomic absorption spectrometry, ICP atomic emission spectrometry, and so on), high concentrations of coexisting ions may cause not only analytical interference, but also damage to the instruments. 4 On the other hand, there are several analytical methods for Li + in aqueous solutions using Li + -selective host molecules. [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the molecular recognition of Li + is a difficult matter in the presence of large excess amounts of Na + . Indeed, except for the porphyrin derivative reported by Tabata et al., 9 no host compound has been shown to be so selective that it can be applied to the analysis of Li + in seawater. In the early 2000s, a new class of host molecules, macrocyclic trinuclear complexes [{M(arene)(pyO2)}3] (M = transition metal, pyO2 = 2,3-pyridinediolate), were found by Severin et al. [14] [15] [16] These "metallacrowns" can be easily prepared through self-assembly reactions, and most of them are highly selective for Li + . In addition, a few derivatives for the fluorometric detection of Li + in water were designed. 17, 18 However, practical analytical application of the metallacrowns has not been achieved to date.
We also reported new derivatives of [{M(arene)(pyO2)}3], [19] [20] [21] one of which is [{Ru(DMA)(pyO2)}3] (DMA = η 6 -3,5-dimethylanisole). The structure is shown in Fig. 1. [{Ru(DMA) (pyO2)}3] has an extremely high extraction selectivity for Li + ; the Li + /Na + separation factor in the extraction of alkali metal picrates with a dichloromethane solution of the metallacrown is 71000. 21 Because Li + is extracted as an ion pair between the Li + -metallacrown complex cation and the picrate anion, if the light absorption of the ion pair is not interfered by that of the free metallacrown in the organic phase, spectrophotometric determination of Li + (as the ion pair) is possible. Unfortunately, the light absorption of the yellow-colored picrate is completely overlapped with that of the metallacrown (orange). Therefore, it is important to find a counter anion that is suited for spectrophotometric determination as well as the selective extraction of Li + . In the present work, we have investigated the extraction behavior of Li + with a dichloromethane or toluene solution of [{Ru(DMA)(pyO2)}3] in the presence of different organic anions, i.e., 3′,3″,5′,5″-tetrabromophenolphthalein ethyl ester ([TBPE] -, blue), 2,6-dichloroindophenolate ([DCIP] -, blue), and, for comparison, picrate ([pic] -, yellow). The structures of the organic anions are also shown in Fig. 1 . Considering the effects of anions on the extraction ability and selectivity, a selective and sensitive extraction-spectrophotometric method has been developed and applied to the determination of Li + in seawater samples. 4 mol -1 dm 3 cm -1 at 25 C). LiCl (>99.9%, Wako Pure Chemical Industries) and NaCl (>99.5%, Kanto Chemical) were dried under a vacuum at 250 C for 24 h. Dichloromethane and toluene of analytical grade were purified by distillation and subsequent triplicate washing with water. Water was deionized with a Kurita Demi-Ace Model DX-15A demineralizer and further purified with a Millipore Simplicity UV system. Other reagents used were of analytical grade and used as received.
Experimental

Reagents and samples
Artificial seawater was prepared according to JIS K 2510; 24.5426 g NaCl, 11.1023 g MgCl2·6H2O, 4.0895 g Na2SO4, 1.5384 g CaCl2·2H2O, 0.6926 g KCl, 0.1998 g NaHCO3, 0.1005 g KBr, 0.0303 g H3BO3, 0.0405 g SrCl2·6H2O, and 3.2 × 10 -3 g NaF were dissolved in deionized water in a 1-dm 3 volumetric flask. 22 LiCl was further added so as to give the following concentrations: 0, 0.086 ppm (ppm = mg dm -3 ), 0.172 ppm, and 0.345 ppm. Natural seawater samples were collected at three different points in Chiba Prefecture in Japan: Inage Coast (35 37′11″N, 140 3′29″E, WGS84), Hitotsumatsu Coast (35 20′6″N, 140 23′43″E, WGS84), and Futtsu Cape (35 18′46″N, 139 47′4″E, WGS84). The sampling dates were 29 June, 12 October, and 13 October in 2015, respectively. The samples were filtered using a 0.45-mm membrane filter of mixed cellulose ester, and stored at 4 C before use.
Apparatus
UV-Vis spectrophotometry and flame photometry were performed with a Shimadzu UV-1800 spectrophotometer and a Hitachi Z-5000 polarized Zeeman flame atomic absorption spectrophotometer, respectively. Shaking and centrifugation of a centrifuge tube were done using a Taitec SR-1N recipro shaker and a Kubota 2010 tabletop centrifuge with a RS-240 swing rotor, respectively.
Extraction equilibrium experiments
Toluene or dichloromethane solutions of [{Ru(DMA)(pyO2)}3] (1 × 10 -4 -6 × 10 -3 mol dm -3 ) were prepared just prior to use and washed twice with water. The concentrations of the metallacrown were determined spectrophotometrically (λmax = 331 nm, ε = 2.50 × 10 4 mol -1 dm 3 cm -1 in dichloromethane; 21 λmax = 333 nm, ε = (2.89 ± 0.15)× 10 4 mol -1 dm 3 cm -1 in toluene at 25 C). Aqueous solutions (pH ≈ 8) containing Li + (4 × 10 -6 -7 × 10 -4 mol dm -3 ), Na + (1 × 10 -3 -2 × 10 -2 mol dm -3 ), an organic anion (2 × 10 -4 -1 × 10 -2 mol dm -3 ), and phosphate (5 × 10 -4 -5 × 10 -3 mol dm -3 ) were prepared by mixing aqueous solutions of LiCl, NaCl, NaH2PO4, Na2HPO4, and the salt of the organic anion. When using Na[DCIP] and K[TBPE], which are hardly soluble in water, their ethanol solutions were used; the content of ethanol in the mixed aqueous solution was made to be less than 5% in volume. The aqueous and organic solutions (4 cm 3 each) were placed in a 10-cm 3 Teflon centrifuge tube, and mechanically shaken at 200 strokes/min in a chamber thermo-controlled at 25 ± 0.2 C; a shaking time of 8 -12 h was necessary to attain equilibrium for Li + that was extracted more slowly than Na + . 21 After centrifugation at 3000 rpm for 5 min, the alkali metals in the aqueous phase were determined by flame photometry. For determining the alkali metals in the organic phase, an aliquot (3 cm 3 ) of the organic phase was transferred into a Teflon beaker and evaporated to dryness; after adding concentrated nitric acid (2 cm 3 ), the solution was re-evaporated to dryness; the residue was dissolved in 0.06 mol dm -3 hydrochloric acid, and the concentrations of the alkali metals were determined by flame photometry. The distribution ratio (D) of each alkali metal was calculated as the ratio of the molar concentration in the organic phase to that in the aqueous phase.
The procedure for the extraction-spectrophotometric determination of Li + is described in the Results and Discussion section.
Results and Discussion
Anion effects on the extraction efficiency and selectivity
When mixing an aqueous solution containing an alkali metal ion (M + ) with an organic solvent solution of the ligand (L = [{Ru(DMA)(pyO2)}3]) in the presence of a hydrophobic monovalent anion (A -), M + is expected to be extracted as an ion pair complex (ML·A) as follows:
where the subscripts "o" and "w" refer to the species in the organic phase and the aqueous phase, respectively. If this reaction proceeds quantitatively, it is expected that, by using a dye anion as A -, the concentration of M + in the initial aqueous solution should be indirectly determined by measuring the light absorption of the organic phase.
At 
Here, Kex is the equilibrium constant for Eq. (1), defined as Kex To remove NaL·A in the organic phase, scrubbing of the organic phase with an equal volume of deionized water is conducted. Considering the progress of the reverse reaction of Eq. (1) . A blank absorption in the absence of Li increased with an increase of the K[TBPE] concentration. The absorption maximum was found to be at 571 nm when the blank spectrum was subtracted from the measured spectrum (the spectra are shown later). The maximal absorption wavelength corresponds to that observed for ion pairs of organic cations with [TBPE] -in 1,2-dichloroethane (555 -615 nm). 26, 27 Based on the above considerations, the method comprising the following four steps was established for the extractionspectrophotometric determination of Li + in saline waters:
[ [
Step 2] A 4-cm 3 portion of the organic phase is transferred into another centrifuge tube where an equal volume of deionized water is placed. The tube is shaken for 15 min and centrifuged.
[
Step 3] A 3-cm 3 portion of the organic phase is transferred into another centrifuge tube where an equal volume of an aqueous solution of K[TBPE] (1 × 10 -4 mol dm -3 ) is placed. The tube is shaken for 15 min and centrifuged.
Step 4] A portion of the toluene phase is transferred into an optical glass cuvette with a 10-mm light path, and the absorbance at 571 nm is measured with a spectrophotometer.
This method was applied to artificial seawater containing Li + of different and known concentrations. The visible absorption spectra of the organic phases obtained in Step 4 are shown in Fig. 3 . The absorption around 570 nm clearly increases with an increase of the Li + concentration in the artificial seawater. In  Fig. 4 , the absorbance at 571 nm (A571) is plotted against the Li + concentration (CLi, ppm unit) in the artificial seawater. A good linear relationship with a slope of 1.64 ppm -1 is observed. The mean and standard deviation of the intercept value (blank absorbance) are 0.352 and 0.008, respectively, from three measurements; the limit of detection (LOD, k = 3) and limit of quantification (LOQ, k = 10) are evaluated to be 0.014 ppm (2 × 10 -6 mol dm -3 ) and 0.047 ppm (7 × 10 -6 mol dm -3
), respectively. The value of blank was confirmed to depend on the concentration conditions of [{Ru(DMA)(pyO2)}3] and [TBPE] -, but to be almost independent of the dilution ratio of the artificial seawater in the initial aqueous phase. This indicates that the components of the seawater are not the cause of the blank absorption.
Finally, this method was applied to natural seawater samples. For each sample, three independent measurements were performed. For the blank experiment, deionized water was used instead of seawater. The Li + concentration was calculated from the absorbance at 571 nm of the sample (A571) and that of blank (A571,BL) by the following equation:
The mean values and the standard errors of CLi are summarized in Table 2 . The Li + concentration in the seawater samples were also determined by flame photometry using the standard addition technique, and the results are given in the same table. The concentrations determined by this extractionspectrophotometric method are in good agreement with those obtained by flame photometry. The standard errors are not more than 3% of the mean values. These results demonstrate the reliability of this analytical method.
Conclusions
In this study, we successfully developed a selective and sensitive extraction-spectrophotometric method for the determination of Li + using a Li + selective metallacrown, [{Ru(DMA)(pyO2)}3], through examination of the effect of counter anions on the extraction. By this method, the determination of Li + at sub-ppm level in seawater is possible. Applications to other saline water samples, such as salt lake water and blood serum, are also expected. A remaining problem is the slow extraction of Li + ; as a means to enhance the extraction rate, solid phase extraction using porous adsorbents on which the metallacrown is immobilized is under investigation.
